The effects of disposal of sludge from water treatment plant (WTS) in area damaged by laterite extraction and its consequences to soil and groundwater were investigated. Therefore, the presence and concentration of anthropogenic elements and chemical compounds were determinated. WTS disposal's influence was characterized by electroresistivity method. The WTS's geochemical dispersion was noticed in the first meters of the nonsaturated zone from the lending area. Lateritic profiles were characterized due to the large variation in chemical composition between the horizons. Infiltration and percolation of rainwater through the WTS have caused migration of total dissolved solids to the groundwater. WTS's disposing area has more similarities to local preserved vegetation than to gravel bed area. WTS can be considered a noninert residue if disposed in degraded areas located in regions with similar geological and hydrochemical characteristics.
Introduction
The global scale environmental changes resulting from anthropic process of space occupation and urbanization impose fees which are incompatible with the carrying capacity of natural ecosystems. In this context, surface waters have been increasingly penalized with several launches of waste resulting from populational growth and disorderly occupation of protected areas.
Thus, water quality worsens, and making it drinkable requires treatment with greater quantities of chemicals than usual to be applied. As a result, waste increases in water treatment plants (WTPs) such as the sludge generated in clarifiers and water resulting from the filter washing.
In Brazil, there are about 7,500 WTPs, called conventional or traditional, which use coagulation/flocculation/sedimentation and filtration systems for water treatment. These systems generate wastes in the clarifiers and filters that, in most cases, are released directly into rivers, lakes, and reservoirs, aggravating the environmental issue [1] [2] [3] .
The chemical sludge produced by the water treatment plants is an extremely gelatinous material composed by aluminum hydroxides, inorganic particles such as clay and silt, color colloids and microorganisms including plankton, and other organic and inorganic materials, which are removed from the treated water, or from the chemicals added to the process [4, 5] . Its pH range is from 5 to 7, which is insoluble in the range of natural water pH.
It is estimated that in Brazil about 2,000 tons/day of WTS are dumped directly into waterways without any treatment [6] . This practice contributes to the organic pollution, which may consume the oxygen dissolved in the water course, leading to anaerobic conditions, producing odors, excessive growth of algae, and fish mortality [7] . Some studies have shown the chronic toxicity of this material to aquatic organisms, as well as the degradation of water quality and sediment [8] [9] [10] .
Several alternatives have been presented for the recovery of such waste, particularly the immobilization of phosphorus (P), which avoids the risk of water eutrophication and, under certain conditions, can even provide gains in agriculture [11] [12] [13] [14] [15] [16] [17] .
Due to the characteristics of chemical sludge, its use on degraded areas or parks can benefit the soil [7] . R. C. A. Moreira et al. [5] studied the influence of provisioning WTS in a gravel pit. They analyzed minerals and sample composition taken from several surveys, employing geophysical prospecting techniques in the area. Results showed that geochemical distribution of elements in subsurface was strongly associated with the variation of mineral composition and granulometry in soils profiles. Nutrients were being transferred to deep soil layers, enabling development of local vegetation. These facts were considered positive for the use of this material in recovering degraded areas. Lenzi et al. [18] also identified applications of sludge in soil remediation. A. A. Moreira et al. [19] characterized the sludge from the Rio Descoberto Water Treatment Plant and found high levels of micronutrients such as Zn, Fe, Mn, and Cu, and also organic matter. Potential acidity was considered high, providing that conditions for the retention of anions in the WTS were largely favourable. However, low effective cation exchange capacity, CEC, indicated that the material can release ions into the water column. These results, associated with the deficiency in Ca 2+ , K + , and P, made the use of the WTS impracticable as a soil amendment, but favorable to recover degraded areas.
At the Rio Descoberto Water Treatment Plant, sludge from filter washing is centrifuged and, since March 1997, sent to the deactivated gravel bed [20] . This WTP has a nominal capacity of 6,000 L/s, uses ferric aluminum sulfate coagulant to treat water from the Descoberto Lake, and works heavily with automated processes. WTS annual production in this plant exceeds 2,000 tons.
In the Distrito Federal, activities for sand, gravel, clay, and grit extraction respond for almost all degraded areas [21] . This type of mining is characterized by low investment, lack of technological support in the early stages of production, environmental control, and recovery of mined areas. Use of gravel bed for final sludge disposal is adopted in the Distrito Federal, but few studies have shown the risks that material components can bring to these mined areas.
Barroso and Cordeiro [22] warn from the toxic action of metals and the presence of Al in the WTS, with positive or negative effects to the treatment processes, disposal and reuse of the waste. The Al mobility in the soil or in the treated water can be harmful, especially because this element is not considered essential for plants and animals, and no biochemical function in organisms is known to be dependent on this metal [23] . The Al is partitioned in the biota by its differences in acid-base affinity, by its kinetic, by temporal form, and spatially by the membranes and the compartments. One aspect of the toxicity of this metal, although not unique, is the chemical combination between metal and ligands in the organism [24] .
Echart and Cavalli-Molina [25] studied the phytotoxicity of the Al and found that the metal is one of the major causes of reduced growth in economically important plants occurring in acid soils. That is because in tropical and subtropical humid soils, with high rainfall, soluble nutrients such as Ca, Mg, K, and other basic elements are leached, resulting in the decrease of pH and mineralization of organic matter by soil microorganisms. At low pH, the H + acts on minerals by releasing ions Al, which are predominantly held by negative charges of the clay soil in equilibrium with the Al 3+ in solution [26] .
This study intended to identify the effects of WTS disposal in a degraded area by laterite extraction (gravel bed) and its consequences to soil and groundwater. It was intended to determine the existence, concentration, and mobility of anthropogenic elements and chemical compounds through geophysical and geochemical studies by comparing the local subdued to WTS's disposal and other adjacent regions still less impacted, as a baseline. • C between June and July to 22
Experimental Part
• C between March and September [27] .
In the Distrito Federal, there are metasedimentary rocks belonging to Paranoá, Canastra, Araxá, and Bambuí groups, mainly distinguished by regional correlations with other areas of the Brasília Belt, deformation intensity, metamorphism, and the nature of the lithotype.
The Paranoá Group corresponds to a psamo-peliticcarbonated unit of Mesoproterozoic age interpreted as a sequence of plataformal deposition with variations in water depth over time [28] . Freitas-Silva and Campos [29] describe the tertiary-quaternary coverage as coming from chemical weathering processes during the Cenozoic, mainly under geological, climatic, topographical, and morphological constraints, among others. These processes provided the development of an extensive weathering mantle that reaches thicknesses greater than 50 meters.
The studied site, which corresponds to a disabled gravel pit, is located near the city of Ceilândia, DF (Figure 1 ). In this area, water treatment residue from Descoberto Lake is being disposed directly into the exposed regolith, after extraction of lateritic crust. The lateritic ferruginous breastplates constitute the so-called "gravel," which occur at the edges of the plateaus (altitude 1050-1150 m). This gravel is positioned on the R4 Unit from Paranoá Group, of Meso/Neoproterozoic age, according to the Geological Map of Distrito Federal, [30] .
Mineral composition of the soils in the area varies in content of quartz and illite, corresponding to the own lithotype-the clayey metarhythmite (R4)-formed by the intercalation of sandy and pelitic levels. Intensity of illite peaks tends to be large in the sample relating to pelitic levels, in which quartz is the constitutional trait or was not identified. Moreover, this is the minor constituent in sand levels. Goethite corresponds to the lateritic level formed by supergene enrichment in iron and is present throughout the study area [31] . The original soil profile in the gravel-mine no longer exists, due to the removal of the lateritic coverage. The sludge is disposed directly on the regolith, defined as that decomposed material that lies on the matrix rock, without transportation.
The WTS disposal area corresponds to a plateau with about 75,000 m 2 , with an average slope of 3.5% at its longest extension (NE-SW). The drainage lines have a south-east direction preferably, culminating at about 500 meters in the Córrego do Meio (also known as Matadouro).
Although the area has been modified in its original aspect, it is still possible to identify savanna fragments vegetation in preserved areas.
The depth of phreatic surface is higher than 10 m throughout the studied area. Two wells were found in the region, one deep well downstream of the area and one shallow well upstream (cistern). Although both are disabled, the cistern is being used as a septic tank.
The WTS disposal local is surrounded by access roads and small farms, occurring degraded areas with low rate of revegetation. It is customary in the local community, the use of gullies and ravines as garbage dumps, which facilitates transport of contaminants from waste into the phreatic surface and drainage.
2.2.
Sampling. Soil samples were collected between September and October 2006 during the drilling of three monitoring wells. At every three meters of drilling, a representative sample of this range was taken.
Samples were bagged, labeled, and transported to the Companhia de Saneamento Ambiental do Distrito Federal-CAESB Central Laboratory. Samples were harrowed by hand and submitted to air drying in a ventilated area. Once drying was complete, samples were quartered, and aliquots plus cross-check samples were submitted to analysis. Subsequently, the fraction of interest of granulometry less than or equal to 2 mm was separated.
Finally, samples of groundwater were collected using monitoring wells to assess water quality in the impacted area. Well locations are indicated in Table 1 .
Groundwater samples were collected monthly from December 2006 to November 2007, using polyethylene samplers for each well. Well static level was measured before the collection of water samples, and a blank sample was taken to verify contaminations in the collected material.
Water Analysis.
Water temperature, pH parameters, conductivity, and total dissolved solids (TDS) were measured in loco. Groundwater samples were stored refrigerated in polyethylene bottles (for chemical and physical analysis), in polyethylene bottles containing 1.5 mL of HNO 3 /L (for analysis of trace elements), and in sterilized glass bottles (for bacteriological analysis). Time between the first collection and the first analysis in the laboratory was always less than 4 hours. Analysis of turbidity, Cl − , K, Na, Al, Ca, nitrogen of nitrates (NO 3 − ), nitrogen of nitrites (NO 2 − ), ammoniacal nitrogen, free CO 2 , SO 4 2− , Se, Hg, Sb, Pb, Ag, Mg, Fe, As, Ni, Cd, Cu, Cr, Mn, Ba, Co, Zn, Li, P, HCO 3 − , CO 3 2− , total alkalinity, total hardness, consumed oxygen, F − , total coliforms, and thermotolerant coliforms of the samples were carried out in the laboratory [32] .
Geophysical Methods.
Significant deviations from the normal standard of geophysical measurements, which are the anomalies by the environmental standpoint, can indicate the presence of contaminants in the subsurface. This interpretation can indicate intensity of contamination, in order to provide important information for diagnostic activities, monitoring contaminants propagation and monitoring recovery of a degraded area.
The eletroresistivity method is one of the most used in environmental studies and is based on conduction of electric current in different materials. The method consists of setting four electrodes on the land surface, two current electrodes (A and B), and two potential electrodes (M and N). An electric current is applied through the electrodes A and B on the ground and with the electrodes M and N the difference of potential associated with the electric current is measured. Knowing the applied current, the geometry of the electrodes arrangement, and the measured potential, it is possible to calculate the value of apparent electric resistivity [33] . Propagation of the electrical current in soils and rocks is caused by the displacement of dissolved ions in water contained in pores and cracks, being affected mainly by the mineralogical composition, porosity, water quantity, and the content and nature of dissolved salts. Among these factors, salinity, pore connectivity, temperature, and water quantity are the most important and represent a great potential for applications in environmental and hydrological studies, where the presence of water in the saturated zone and the increased concentration of contaminants can be investigated.
Metal stakes are usually employed as electrodes. There are different ways to arrange the electrodes in relation to each other, and to transport them on the ground to be studied. The Wenner array, designed by the North American Frank Wenner in 1915, is normally used for horizontal electrical profiling, which is characterized by the equidistant disposal of potential and current electrodes, according to a straight line [34] [35] [36] . The Schlumberger array, created by the french Conrad Schlumberger in 1912 [35, 36] , is rather used for vertical electric sounding, which is the determination of the vertical variation of resistivity under a given point on the ground. In this array, the electrodes are distributed along a straight line, and the distance between the current electrodes (AB) is higher than or equal to three-times the distance between the potential electrodes (MN) [35] . Both arrays can be used for surveys or profiling.
Five vertical electrical soundings in the gravel bed were carried out in May 2004. As a result, a high contrast between chemical sludge resistivity, laterite, and the local soil was observed, enabling the execution of new detailed surveys and subsequent drilling of research wells.
Two more geophysical surveys were conducted in the gravel pit for the research of the influence area of the chemical sludge after the success of the previous experiment. Two devices were used in this case: a resistivimeter model ER-300, manufactured by PERGEO, which allows applying voltages up to 500 volts to ground, used as a source of continuous current, and a millivoltmeter, manufactured by TECTROL, which measures voltages between 0 to 3,000 mV, and allows the compensation of soil natural potential.
In the first survey, performed on February 24 and 25, 2005, a rectangular grid with 6 × 10 points spaced by 50 meters was established (Figure 1) , and the electrical resistivity method was used with the Wenner array and a one meter spacing of the electrodes. In the second survey, carried out in August 2005, one of the lines of the previous study was chosen and corresponded to 1D, 2D, 3D, 4D, 5D, 6D, 7D, 8D, 9D and 10D points (Figure 1 ). In this case, the eletroresistivity method with the Schlumberger arrangement for implementation of vertical electrical soundings was used. Data was processed in the Geophysical Laboratory of the Institute of Geosciences of the University of Brasilia-UNB.
Geochemical Methods.
The fundamental geochemical characteristic of anthropogenic contaminant emissions is just the chemical imbalance, with the consequent existence of elements in the mobile phases.
Analytical procedures were performed in the Geochemistry Laboratory of the Institute of Geosciences, University of Brasilia and in the Central Laboratory of Information and Monitoring Unit of Water Resources-HIDROLAB/CAESB. To ensure reliability of data, samples of geochemical reference were analyzed in the same batch as that prepared for the study samples. Only parameters with concentration above the quantification limit and error below 10% relative to the reference samples values were accepted for evaluation.
Analyses of pH (soil : water); organic carbon; organic matter; cation exchange capacity (CEC); exchangeable Al 3+ , Na + , K + , Ca 2+ , and Mg 2+ ; available P, Pb, Zn, Cu, and Mn; potential acidity (H + + Al 3+ ) was performed following EMBRAPA [37] .
Determination of Si, Al, Fe, Ca, Ti, Sr, Cu, Zn, Y, Be, Ba, Co, Ni, Mn, Cr, and V concentrations were made using optical emission spectrometer with inductively coupled plasma (ICP-OES) from Spectroanalytical Instruments GmbH brand, model Spectroflame FVM03, equipped with monochromator and polychromators in vacuum and air. For   1A   1B  1C  1D  1E  1F   2A  2B  2C  2D  2E  2F   3A   3B  3C  3D  3E  3F   4A  4B  4C  4D  4E  4F   5A   5B  5C  5D  5E  5F   6A  6B  6C   6D  6E   6F   7A  7B  7C  7D  7E   7F   8A  8B  8C  8D  8E  8F   9A  9B  9C  9D  9E  9F   10A   10B  10C  10D  10E  10F   804600  804700  804800  804900 this analysis, samples were prepared by acid decomposition with HF/HNO 3 /HClO 4 /HCl or alkaline fusion, depending on the analyte [38] . Analyses by atomic absorption spectrometry with electrothermal source for the Pb element were processed with graphite furnace from GBC brand, model GF 3000, coupled with an atomic absorption spectrophotometer from GBC brand, model 932 AA. All chemical analyses were performed using high purity water (resistivity of 18.2 MΩcm) and reagents with analytical purity. The nitric acid was purified by subboiling process with a MARCONI quartz distiller, model MA-075.
Results
Analysis. An element or a substance can be considered either a contaminant or an anomaly when it occurs in the environment with concentrations above levels considered as background or baseline. From the environmental viewpoint, a significant anomaly is associated with human intervention, whether direct or indirect. The anomalies are considered nonsignificant when it is caused by natural processes such as mineralization or other concentrations, provided that those do not present consequences from the environmental perspective [39] . Plume dispersion of a contaminant is the area affected by its occurrence and geochemical mobility.
The objective of grouping analysis is to gather elements of similar concentrations into groups, so elements belonging to the same group are similar to each other according to the measured variables, and elements in different groups are different in relation to the same measurements [40] . The Hierarchical Agglomerative Technique was used to group the data in samples of soil and water, according to the degree of "association or kinship". The method of the Hierarchical Tree, associated with the Ward Method, was also used adopting the Euclidean distance and normalization of the results for the Z-Score. This method allowed the analysis of quantitative p-variables, regardless of the multivariate normal distribution nature of the data [40] . Results were plotted as a dendrogram.
Previous studies have shown dispersion of chemicals in the gravel pit from the WTS disposal area [31] . Similarly, it was possible to choose suitable locations to install monitoring wells and to estimate, by interpolation, the concentration of various analytes at depths between 10 and 20 cm from the surface. These results were used in graphics relative to the vertical profiles.
To evaluate the degree of WTS influence in the disposal area, the index of geoaccumulation, I geo , proposed by Müller [41] , was modified. Obtained value allows us to classify levels of metal enrichment into seven classes, with progressive intensities of contamination.
This index is calculated using the formula:
where C N = concentration of the element n in the sample to be classified, C B = average concentration of the element in the control area (upstream monitoring well), and 1,5 = correction factor for possible variations from the baseline caused by lithologic differences. This index consists of seven distinct classes, ranging from 0 to 6 and is related to the increasing contamination level. The highest value corresponds to an enrichment of approximately 100-times compared to the reference level.
The determination of investigated depths in the geophysical methods is obtained by comparing data readings with theoretical models of the subsurface stratification. The software SOUNDER [42] and RES2DINV [43] , provide a semiautomatic interpretation of the values of electric resistivity and were used in this study.
Results and Discussion
The first geophysical survey provided data for mapping the plume of the chemical sludge in the subsurface to a theoretical depth of 50 cm (Figure 2(a) ).
The second survey enabled the evaluation of the WTS plume extension in the subsurface by measuring the electrical resistivity at various levels until reaching the theoretical depth of 4 meters (Figure 2(b) ).
Geophysical surveys allowed mapping the WTS area of influence in the gravel pit horizontally and vertically. Results permitted to affirm that the sludge is a noninert waste, and that its disposal requires certain precautions, as recommended by the 2004 ABNT NBR 10.004 [44] .
Average scores and standard deviations of the soil samples, chemical analysis obtained during the drilling of monitoring wells are listed in Table 2 . Background levels were determined based on the average values and standard deviations of the samples from the upstream well (Table 2 and Figure 3 ). To enable comparison of these results with others in the literature, Table 2 was added to the benchmarks established by Schellmann [45] for shale and sandstones. The hierarchical classification was calculated from the results of the major (Si, Al, Fe, Ti, and K), minor (Ca and Mg), and trace elements (P, Be, Na, Mn, Co, Cu, Zn, Ba, Pb, Sr, and Y) analyses, besides the determination of CEC, free acidity, and pH of the soil samples taken during the drilling of the monitoring wells. By using the Hierarchical Tree Method, it was possible to separate horizons of each lateritic profile (Figure 4 ). Costa [46] established the behavioral patterns of elements content and the chemical compounds, when they were observed from bottom to top in a lateritic profile. Several of these patterns were identified in the study areas. Among them, the intense decrease (leaching) of SiO 2 contents, the strong increase in Fe contents as oxy-hydroxides, the large increase in Al contents, the gradual increase in the concentrations of Ti, the strong increase in P, Sr, Ba contents at the top of the profile, the strong growth only on the basis of the profile in Mn contents (this one most evident in the downstream monitoring well) were noted. These patterns were identified in all three profiles, although the sample taken in the upper portion of the WTS well has shown distinct characteristics in comparison with other horizons, indicating that changes in the composition are due from the chemical sludge deposited in the area. The standards set by Costa [46] corroborate the results obtained by the hierarchical classification, showing that this method may be considered appropriate for the evaluation of samples taken in the gravel pit. According to the values obtained for the geoaccumulation indexes, parameters are classified into seven classes related to the degree of pollution, following Table 3 . The geoaccumulation indexes showed that several samples from the WTS monitoring well presented results that can be considered from moderate to highly polluted (Table 4) .
The average scores and the standard deviations of soil samples chemical analysis obtained by the drilling of research wells are listed in Table 2 . Background levels were determined from the average values and the standard deviations of samples from the upstream monitoring well (Table 2 and Figure 3 ). To enable comparison of these results with others in the literature, the benchmarks established by Schellmann [45] for shale and sandstones were added to Table 2 . In Figure 3 , it is possible to note the extension of these changes over the lateritic profiles when comparing measured values with those obtained in the control area (upstream monitoring well). In the WTS disposal area, near the ground surface, positive significant anomalies of Mn, available-Mn, CEC, potential acidity, available-P, exchangeable-Ca, organic matter, and exchangeable-Na were identified besides lower pH than the basic level. The available-Pb was considered anomalous both in low concentrations (depth of 0.15 m) and in high concentrations (depth of 15 m). However, the influence of sludge is drastically reduced to 3 m and practically disappears in other investigated depths (Figures 3  and 4) . R. C. A. Moreira et al. [31] compared the WTS disposal area with surrounding areas and noted the presence of gibbsite and kaolinite minerals. Despite the predominance of these minerals, which have aluminum in their composition, the concentrations of exchangeable-Al were considered low. They also observed that the CEC was high compared to the adjacent areas, had low availability of Pb and high concentration of organic matter and some chemical elements such as Ca, Cu, Al and Mn, as well as the available elements Ca, Zn, P, and Mn. The low mobility of cationic metals in the soil can be assigned to the formation of innersphere complexes (specific adsorption) with minerals [47] . This behavior is well known in the case of Pb, and this interaction tends to become increasingly strong with time, making the bioavailability of this element gradually reduced. Even under low pH and high potential acidity, low contents of exchangeable-Al may be linked to physicochemical interactions of Al with organic matter and soil minerals, creating conditions for the complexation of Al, transforming this element in a less toxic form to the plants [48] . Previous studies have found already that contents of saturation for Al in WTS from Rio Descoberto WTP were indeed very low [19] . The available-Mn in WTS was originated in the ferric aluminum sulphate coagulant [31] . The ratio between the concentration of available-Mn and total Mn was the highest in the WTS disposal area and indicated that sludge showed high percentages of Mn exactly in the form most easily assimilated by plants. Thus, the WTS disposal in the gravel pit has contributed significantly not only to the increasing concentration of Mn in the soil, but also with the increase in mobility of this element. Similarly, the high levels of organic matter in this area can be considered positive, since it favored the improvement of soil structure. This is a preponderant factor for the recovery of gravel pits through revegetation [49] . Measurements of water levels from inspection wells, from December 2006 to February 2008, showed that the phreatic surface varies seasonally ( Figure 5 ). The TDS in the monitoring wells was analyzed in the inspection wells from December 2006 to November 2007, and a seasonal variation in the concentrations of these solids was also found ( Figure 6 ). The elevation of phreatic surface favored leaching of chemicals in the metarrythmites, increasing the concentration of TDS in the samples.
Santos et al. [50] classified the main aquifers exploited in the Distrito Federal for public supply through diagrams of the most abundant ions and also for hierarchical classifications. The wells located on the R4 Subsystem showed bicarbonated calcium or sodium character, depending on the variations of the lithologies that compose these aquifers. The pH showed wide variation (from 5.5 to 7.5), as well [50] , although in some samples, especially in the second half of 2007, the results were lower than those reported in all wells. In general, groundwater samples showed weak mineralization (trace mineral waters), with average concentrations of TDS ranging between 21.5 and 36.7 mg/L ( Table 5 ). The waters of monitoring wells have calcium and/or magnesium bicarbonated facies (Figure 7 ). Boaventura and Freitas [51] established inorganic indicators of groundwater quality in the Distrito Federal territory. In the forty deep wells investigated, pH, conductivity, total dissolved solids, Na, K, Ca, Mg, Fe, Al, Cu, Cd, Cr, Mn, and Zn parameters were analyzed. Low conductivity, pH less than 5, and concentration of Na, K, and Ca below 0.45 mg/L were considered as characteristic of samples less disturbed by human activities. Concentrations of trace elements tend to be low, an increase of conductivity can be understood as the first sign of change in water quality. Anomalies of Na, Cl − , and NO From these characteristics, no changes were noted regarding concentration of Na, Cl − , NO − 3 , and K. However, the WTS disposal area showed small elevation of pH, caused by the increase of Ca concentration and alkalinity, and increase in the electrical conductivity, hardness, and TDS (Table 5 ). This is because Ca is an element that can provide geochemical mobility by leaching in different horizons during the lateritic weathering [52] . Although levels of Pb in samples extracted during the drilling of WTS monitoring well are below reference values (Table 2 ) and the average values obtained from samples of other wells, the relation available-Pb/Pb in this laterite profile shows that mobility of this element is higher in the area of deposit of the sludge. It seems contradictory that the WTS has immobilized Pb in the soil and the WTS well have been the monitoring well with the highest concentration of this metal in water among the waterbodies investigated. Remember that average concentrations of Pb are high in all monitoring wells, even in the upstream wells of the WTS disposal area. In this case, the high natural levels of Pb can be dissociated from human activity. It is known that under certain conditions, Pb solubility can be increased. Between pH of 6 and 8, solubility of Pb is a complex function of pH and free CO 2 [53] . Under low alkalinity and pH below 6.5, water may have a significant increase in the solubility of Pb, reaching values as high as several hundred of µg/L [54] . Therefore, as the wells had these conditions, the explanation for high levels of Pb can be attributed more to the groundwater characteristics than to the WTS disposal itself. In other words, the WTS is not the source of Pb to the groundwater but, indirectly, changes in the hydrochemistry, as the increase of pH and alkalinity, may be increasing chemical activity and allowing the mobilization of Pb, since WTS is the source of bicarbonates and Ca. It is possible that the application of some compounds to correct the soil pH, which is not considered as a pollutant, produces similar effects as the WTS.
Conclusions
The upper portion from the lateritic profile of the chemical sludge storage area showed positive anomalies of organic matter, cation exchange capacity, potential acidity, exchangeable-Ca, exchangeable-Na, available-Mn, available-P, and Mn, as well as negative anomalous values of pH and available-Pb, which are evidences of the noninert character of this material.
Although the investigated groundwater is considered weakly mineralized (trace minerals water), infiltration and percolation of rainwater through the WTS have caused the migration of total dissolved solids to the groundwater, especially in the form of bicarbonates and Ca. It is possible that this effect has mobilized Pb and had caused an increase in the already high concentrations of this chemical element in the groundwater. However, after ten years of WTS disposal in the gravel pit, the environmental impact on the groundwater can be considered low, because changes in chemical composition of these waters in the Piper diagram were not even noticed.
Thus, the WTS can be considered a noninert residue if disposed in degraded areas located in regions with similar geological and hydrochemical characteristics.
